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Abstract: Wear simulation aims to assess wear rates and their dependence on factors like load,
kinematics, temperature, and implant orientation. Despite its significance, there's a notable gap in
research concerning advancements in simulator control systems and the testing of clinically relevant
waveforms. This study addresses this gap by focusing on enhancing the conventional proportional-
integral-derivative (PID) controller used in joint simulators through the development of a fuzzy
logic-based controller. Leveraging a single-input-multiple-output (SIMO) fuzzy logic control
system, the study aimed to improve displacement control, augmenting the traditional Proportional-
Integral (PI) tuning approach. Implementation and evaluation of a novel Fuzzy-PI control algorithm
were conducted on the Leeds spine wear simulator. The study also included testing of daily-living
(DL) profiles, particularly from the hip joint, to broaden the scope of simulation scenarios. While
both the conventional PI controller and the Fuzzy-PI controller met ISO tolerance criteria for the
spine flexion-extension (FE) profile at 1Hz, the Fuzzy-PI controller demonstrated superior
performance at higher frequencies and with DL profiles due to its real-time adaptive tuning
capability. The Fuzzy-PI controller represents a significant advancement in joint wear simulation,
offering improved control functionalities and a more accurate emulation of real-world physiological
dynamics.

Keywords: Fuzzy-PI controller; SIMO fuzzy logic control system; leeds spinal wear simulator;
hardware-in-the-loop (HiL) simulation; activities of daily-living (ADL)

1. Introduction

Joint wear simulators have been developed to provide insight into the wear performance of total
joint replacements and preclinically evaluate implant designs and bearing materials [1-6]. Longer
implantation periods and younger, heavier and more active patients contribute to increased
tribological demand on artificial joints [7,8]. Historically, the primary cause of most hip replacements’
failure is wear [9-13]. Patient-specific factors like age, gender, weight, activity level, and individual
kinematic patterns have been found to influence wear [14-16]. To ensure the tribological performance
of joint arthroplasties, they undergo standard testing procedures before being introduced to the
market. However, current regulatory preclinical testing standards, such as ISO 14242-1 and 1SO
18192-1 [17,18], utilize simplified and stylized waveforms to define standardized loading conditions.
These conditions do not accurately represent the loads and motion experienced by different patient
groups in real-life activities [19,20].

The use of mechanical simulators is considered the pre-eminent method for realistically
predicting performance of biomaterials combinations and implant geometry will behave
tribologically after total joint replacement [21,22]. Compared to the more simplistic pin-on-disc
machines, simulators aim to replicate the actual tribological conditions experienced by the joint,
which is derived from a more sophisticated design and electro-mechanical control [23,24]. The
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objective of wear simulation is to determine the wear performance of the implant or bearing
combination and analyse its dependence on multiple factors, including load, kinematics,
temperature, and the orientation of the sliding components within the implant [25,26]. However,
another aspect that is lacking in the existing literature is the advancement in the control system of the
simulator and testing clinically relevant waveforms pertaining to patients’ real-life activities [27,28].
To ensure that these simulators accurately reflect real-world situations, it is crucial to simulate more
challenging scenarios and incorporate a wider range of daily activities, particularly for younger and
more active patients [29]. Existing literature on joint simulators predominantly highlights
advancements in control system development for in-vitro biomechanical testing of the spine, with
relatively less emphasis on in-vitro wear testing. The purpose of in-vitro biomechanical testing is to
examine the three-dimensional motion of the spine in response to loads. This is normally conducted
on a cadaver spine by using either multiple spinal segments or a single functional spinal unit (FSU)
[30-37].

There is a noticeable gap in the current literature concerning the pre-clinical evaluation of
prostheses via in-vitro wear testing on joint simulators, specifically regarding the incorporation of
daily-living (DL) motion and load cycles for the spine, knee, and hip. These DL profiles typically stem
from gait lab investigations involving a significant patient cohort participating in activities like
walking, sitting, standing, stair ascent, and descent [26,38]. One factor contributing to this gap is the
constraints early joint simulators faced due to limited degrees of freedom in motion and load.
However, modern joint simulators, particularly the electro-mechanical ones discussed in [39] for the
knee and hip joints from the University of Leeds, in addition to the one utilized in this study for the
spine, are programmable and demonstrate improved adaptability in handling complex motion and
loading parameters. Another reason for the absence of testing DL profiles is the limited requirement
in pre-clinical testing of joint prostheses to adhere solely to ISO standards, which encompass
simplified gait cycles rather than the diverse real-life scenarios encountered by individuals [28]. The
main rationale for integrating DL profiles into the testing protocol is that studies conducted by [40,41]
reveal that the wear patterns observed on retrieved implants cannot be reproduced using existing
standards.

Therefore, this study addresses this gap by introducing a novel control algorithm tailored for
the Leeds spinal wear simulator. The algorithm's effectiveness is evaluated by subjecting both ISO
and DL profiles to the tolerances outlined in ISO 18192-1 for the cervical spine [17]. The paper focuses
on developing and proof-of-concept trials of an advanced control system for a joint simulator used
in tribological testing of spinal prostheses. Two control algorithms, namely Proportional-Integral (PI)
and Fuzzy-PI, were developed and tested. Utilizing the novel HiL environment [42] offered a robust
platform to test both controllers rigorously across various ISO-compliant and daily-living profiles of
the spine, hip and knee. The Leeds spine simulator was utilised as a testing platform to validate both
fuzzy-PI and PI control algorithms based on its robustness and flexibility to test simple sinusoid
profiles of the spine that are ISO compliant [17] as well as profiles representing activities of daily
living (ADLs).

This paper aims to evaluate and compare the effectiveness of the conventional PI controller with
the enhanced Fuzzy-PI controller within the context of a joint simulator. The objective is to confirm
the performance of these controllers by aligning their outcomes with the tolerances outlined in the
ISO-18192-1 standards for the cervical spine.

2. Materials and Methods

In this paper, a novel intelligent controller employing a fuzzy-PI algorithm was applied to the
Leeds SimSol spine simulator (Simulator Solutions Ltd, UK). The primary purpose was to assess its
effectiveness in conducting wear tests on tribological implants. The fuzzy-PI control system
underwent an initial phase of development and thorough testing using a universal Hardware-in-the-
Loop (HiL) setup [42]. This HiL environment was specifically designed to evaluate potential control
algorithms prior to integrating them into the operational framework of the Leeds spine [42,43].
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Before testing Fuzzy-PI and PI controllers on the spine wear simulator, the preceding developmental

milestones were achieved:

¢ Designed a novel HiL test bench: A Hardware-in-the-Loop (HiL) test bench was created to
facilitate the development, rapid prototyping, and testing of prospective control algorithms
against ISO standards [43].

e Developed and tested a PI control algorithm: Initially, a velocity-based PID control algorithm
was developed and tested on the HiL test bench using speed profiles derived from the
displacement curves of the ISO and hip ADL [43].

¢  Benchmarked with PI Controller: The PI controller was established as a benchmark to test and
verify the minimum motion control requirements outlined by ISO 18192-1, which involves a
simple sinusoidal flexion-extension (FE) profile at 1 Hz.

¢ Developed and tested a Fuzzy-PI control algorithm: An advanced PI control algorithm based
on fuzzy logic, known as Fuzzy-PI, was developed on the HiL test bench to extend the testing
capabilities by simulating ISO profiles at 2 Hz and ADL profiles of the hip, such as walking
[42]. The performance of the Fuzzy-PI controller was compared to the PI controller using a Bode
plot, and a frequency sweep was conducted for the ISO-FE profiles at 0.5 Hz, 1 Hz, 1.5 Hz, and
2 Hz [42].

2.1. Spine Wear Simulator

Figure 1 below is a segment of the spinal wear simulator situated at the University of Leeds. This
apparatus employs electro-mechanical actuators to regulate both kinetic and kinematic inputs.
Precise motion control is facilitated by harmonic-drive motors, which have been previously
demonstrated the required performance in this context. The simulator is capable of achieving six
degrees of freedom, with five degrees effectively operational.

FE
Linkages

Load mechanism
under the sample

Figure 1. Schematic of FE linkages driven by the FE motor of the Leeds spinal wear simulator [24].

Two velocity-based control algorithms, Proportional-Integral (PI) and Fuzzy-PI, were developed
and tested. The innovative HiL environment provided a robust platform to rigorously develop and
test both controllers across ISO-compliant and daily-living profiles for the spine, hip, and knee [42].
The Leeds spine simulator validated both fuzzy-PI and PI control algorithms, demonstrating its
robustness and flexibility to test simple sinusoidal profiles from ISO-18192-1 for the spine and profiles

do0i:10.20944/preprints202406.1158.v1
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representing activities of daily living (ADLs). The test profiles were selected based on their waveform
configuration, frequency component bandwidth, and relevance to human ADLs.

During control prototyping on the HiL system [42,43], the PI controller struggled to overcome
phase lag at higher frequencies (e.g., 2 Hz) as specified in ISO 18192-1 standards, requiring constant
manual gain adjustments. To address these issues, the FuzzyP]I controller was developed.

This paper introduces an innovative intelligent control algorithm that combines fuzzy logic (FL)
with a proportional-integral (PI) controller, specifically designed for tribological testing on joint
simulators. The derivative (D) term was excluded due to its sensitivity to external disturbances,
which caused instability with its aggressive response.

The proposed Fuzzy-PI controller seeks to synergistically complement the simplicity and
robustness of PI, whereby the Fuzzy Logic (FL) controller acts as a supervisor to the PI controller and
optimally selects gains at in real-time as the test unfolds.

The non-linear characteristics of a fuzzy controller make it more effective in capturing and
representing complex behaviours compared to a classical linear PID controller [44]. The Fuzzy-PI
controller has a range of pre-determined K, and Ki gains implemented in real-time that vary
according to the changing shape and frequency of the demand profile.

Figure 2 provides a schematic to describe the advanced Fuzzy-PI control methodology

developed.
Fuzzy tuner ADC Position
€ | displacement Interface Sensor
Kp Ki p - FE motion actuator
Motion ) . R
rofile DAC Interface ———— ! -
s > Pl Controller : v Electromechanical
Test profiles Spine wear
P = i
"@ } Pl Controller '—o DAC Interface ——— R simulator
Load profile — \ J v
Kp | Ki £ = Axial Load actuator
ADC I
interface * Load sensor
LabVIEW Software Interface — cRIO Hardware

Figure 2. Control architecture for the Leeds electro-mechanical spinal wear simulator.

The two controllers were comparatively tested against a selection of profiles. Each test ran 100
cycles. However, some hip ADL profiles such as climbing staircase up and down, stumbling and
tibial internal-external rotation of knee ran only for 20-40 cycles because of its extreme complexity in
shape and the frequency components within. These profiles were tested trialed just to test the
robustness of both PI and Fuzzy-PI controllers and the capability of the spine simulator to simulate
profiles of other joints like hip and knee.

The profile frequency was adjusted across four values: 0.5Hz, 1Hz, 1.5Hz, and 2Hz, with 2Hz
being the maximum allowable test frequency according to ISO standards. The controller's
performance was assessed using metrics outlined in ISO 18192-1 (accuracy of +0.5° at the maxima
and minima of the motion and +2% of the full cycle time for phasing) [17].

Figure 3 displays a fuzzy triangular membership function, where the horizontal X-axis
represents the universe of discourse. This universe of discourse encompasses the numerical range of
fuzzy values established by the system designer, aligning with the controller's specifications and
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requirements. Specifically, the X-axis is carefully selected to cover the minimum and maximum
values of all the profiles tested in this study.

Additionally depict the complete range of proportional (K,) and integral (K;) gains for the error
values falling within the range outlined in Figure 2.3. In these figures, the vertical Y-axis represents
the degree of membership (i), which takes values within the range of {0, 1}.

Membership functions graph
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Figure 3. Input fuzzy membership function for displacement error (e).
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Figure 4. Output fuzzy membership function for K; gain.
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Figure 5. Output fuzzy membership function for K,, gain.

Table 1. Fuzzy rules to evaluate Displacement error (e) Kp, Ki using linguistic form.

Sr no. Fuzzy Rules
1 IF Displacement Error is "Large Neg" THEN Kp is "Extreme" ALSO Ki is "Extreme"
IF Displacement Error is "Medium Neg" THEN Kp is "Very Large" ALSO Ki is "Very Large"
IF Displacement Error is "Small Neg" THEN Kp is "Large" ALSO Ki is "Large"
IF Displacement Error is "Small Pos" THEN Kp is "Medium" ALSO Ki is "Medium"
IF Displacement Error is "Medium Pos" THEN Kp is "Small" ALSO Ki is "Small"
IF Displacement Error is "Large Pos" THEN Kp is "Small" ALSO Ki is "Very Small"

N Ul =~ W DN

3. Results

The HiL simulation described in Iyer et al. [43] provided a robust and reliable platform for the
rapid development and testing of PI and Fuzzy-PI controllers. This setup allowed for the verification
and fine-tuning of the controllers, particularly through the iterative creation and adjustment of
optimal fuzzy membership functions, all within a low-risk environment before their potential
deployment to the spinal joint simulator for displacement control testing.

To validate the real-time performance of both PI and Fuzzy-PI controllers on the Leeds spinal
wear simulator, an initial assessment was conducted utilizing a standardized flexion-extension (FE)
profile delineated in ISO 18192-1 [17]. Subsequently, a walking profile of the hip obtained from the
gait lab measurements [20] at Leeds Teaching Hospital Trust underwent testing, owing to its intricate
shape, frequency components, and direct relevance to human activities of daily living (ADL). The
findings presented illustrate the mean response observed over 100 simulated cycles at frequencies of
1 Hz and 2 Hz. Figure 6 exhibits the control responses of both controllers against the target FE
displacement profile prescribed in ISO 18192-1. As illustrated in Table 2 the Fuzzy-PI controller
demonstrated superior performance over the industry standard PI controller in terms of phase lag as
per the tolerances stipulated in the ISO 18192-1 standards. Nevertheless, the PI controller adhered to
the ISO tolerance limit for both amplitude and phase, proving its efficacy despite being outperformed
by the Fuzzy-PI controller in terms of phase lag.

The performance difference in phase between the two controllers can be attributed to the tuning
process of the PI controller on the Leeds spine simulator. Specifically, the PI controller was fine-tuned
for the 1 Hz profile, with parameters set to Kp = 3.5 and Ki = 0.73, through iterative testing across a
range of profiles, including the daily-living hip profile. In contrast, the Fuzzy-PI controller, instead
of being fixated to a singular value, followed a range of Ky and Ki gains as depicted in Figure 4 and
Figure 5 as Fuzzy Triangular membership functions. Figure 7 indicates the auto-tuning of fuzzy gains
ion real-time to best match the demand ISO FE profile.
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Figure 6. Proportional-Integral (PI) vs Fuzzy-Proportional-Integral (Fuzzy-PI) response of Spine ISO
flexion-extension (FE) at 1 Hz.
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Figure 7. Fuzzy gains for Spine ISO-FE profile at 1 Hz.

Figure 8 illustrates the responses of the controllers to the spine ISO FE profile at a frequency of
2 Hz. Consistently, as indicated in Table 2 for the 2 Hz scenario, the Fuzzy-PI controller exhibited
superior performance over the PI controller in terms of phase lag, maintaining closer proximity to
the ISO tolerance limits compared to the PI controller, which exceeded the tolerance by 1.6% as
compared to 0.2% for Fuzzy-PI. Moreover, Figure 9 depicts the dynamic auto-tuning of fuzzy gains
replicating the sinusoidal characteristics of the original signal. These dynamic adjustments allow the
system to effectively respond to varying conditions, maintaining stability and precision. The specified
membership functions and rules facilitate the controller's ability to adapt the gains dynamically,
aligning with the system's requirements at any moment.

Pl response for Spine ISO-FE at 1 Hz FuzzyPl response for Spine ISO-FE at 1 Hz
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Figure 8. Proportional-Integral (PI) vs Fuzzy-Proportional-Integral (Fuzzy-PI) response of Spine ISO
flexion-extension (FE) at 2 Hz.
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Figure 9. Fuzzy gains for Spine ISO-FE profile at 2 Hz.
Table 2. Controller performance evaluation for Spine ISO FE against ISO 18192-1 tolerance
specification.
Controller performance vs ISO 18192-1 tolerance RMS Error
Frequency Performance metric Fuzzy-PI Pl Fuzzy-PI PI
Amplitude (+0.5°) +0.022° +0.036°
1H 0.07 0.62
g Phase (+2%) -0.5° (0.13%) -6.72° (-1.86%)
Amplitude (+0.5°) +0.1° +0.2°
2H 0.74 1.19
z Phase (+2%) 7.97° (-2.2%) 12.97° (-3.6%)

Figure 10 presents the controllers’ responses to the real-world (daily-living) walking profile of
the hip, tested at a frequency of 2 Hz. Both controllers exhibited impressive performance, marking a
significant milestone as such complex, non-sinusoidal daily-living profiles of a different joint had not
been previously tested on the Leeds Spine simulator. Notably, even when subjected to the daily-
living profile, the Fuzzy-PI controller outperformed the PI controller in terms of phase lag,
attributable to its dynamically adjusting gain values as illustrated in Figure 11.

Given the absence of international standards specifically designed to set tolerance limits for
daily-living profiles, the ISO 18192-1 tolerance criteria for the spine were considered for phase
comparison. In this context, the Fuzzy-PI controller successfully met the tolerance requirements,
while the PI controller exceeded 2%, failing to conform to the prescribed ISO limits detailed in Table

Pl response of Hip DL Walking at 1 Hz FuzzyPl response of Hip DL Walking at 1 Hz
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Figure 10. Proportional-Integral (PI) vs Fuzzy-Proportional-Integral (Fuzzy-PI) response of Hip
Daily-Living walking profile at 2 Hz. .
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Figure 11. Fuzzy gains for Hip Daily-Living walking profile at 2 Hz.
Table 3. Controller performance evaluation for Hip Walking in Daily-Living condition against the
ISO 18192-1 tolerance specification.
Controller performance vs ISO 18192-1 tolerance RMS Error
Frequency Performance metric Fuzzy-P1 P1 Fuzzy-PI PI
Amplitude (+0.5° #0.1° +0.15°
2 Hz P (20.57) : . 0.49 0.81
Phase (+2%) 6.2° (1.7%) -10.3° (2.9%)

4. Discussion

The HiL setup, as described in previous research [42,43], was custom-built to develop and
evaluate potential controllers for the Leeds spine simulator. It offered comprehensive insights into
the performance of two distinct control algorithms. Notably, there is no existing literature on using a
fuzzy logic-based PID controller in a joint simulator for wear testing of joint prostheses. This study is
therefore the first to develop and implement a simple fuzzy logic controller based on a single-input-
multiple-output (SIMO) system, which acts as a supervisor to intelligently optimize the gains of the
PI controller.

The results presented earlier in this section showed that the Fuzzy-PI control system met the
tolerance specifications outlined in ISO 18192-1 standards for the cervical spine, even when tested
with the Hip ADL profile at 2 Hz. This achievement is particularly notable as there is currently no
literature documenting the testing of a hip ADL displacement profile at 2 Hz. Moreover, findings in
section 3 underscored the intra-cycle performance advantages of Fuzzy-PI, owing to its intelligent
gain optimization. This feature enables the control system to adhere to ISO profiles and adapt to
adverse dynamic loading profiles across various cycle frequencies.

A significant advantage of the Fuzzy-PI control system over conventional industry-standard PI
control systems is its user-friendly operation. Once developed with carefully selected membership
function ranges, Fuzzy-PI eliminates the need for manual retuning of controller gains, simplifying a
system’s usage when compared to PI alone, which requires tuning for each variation in motion and
load profiles. Results have also illustrated how Fuzzy-PI optimizes gains in real-time, enhancing
control throughout a cycle. Furthermore, there is potential for medium- and long-term performance
benefits, whereby the dynamic intra-cycle tuning of Fuzzy-PI could mitigate changes in the contact
surface or mechanical system such as wear, friction, and hydration to ensure that motion and load
profiles do not deteriorate.

This research is a pioneering effort to investigate the application of a novel control system,
Fuzzy-P], in a spine wear simulator. The objective is to evaluate profiles that go beyond the basic
sinusoidal ISO standards, incorporating more complex ADL profiles at frequencies higher than the
standard 1 Hz. A significant finding of this study is the successful testing of an ADL profile at 2 Hz
on a joint simulator, with the Fuzzy-PI controller generating a response that met ISO tolerances.

The results of this thesis are crucial for both researchers and industries that employ joint
simulators. They provide essential insights and practical solutions for tackling the complexities of
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real-life profiles, which frequently display non-sinusoidal behaviours. This study bridges a
significant gap in existing research, establishing a foundational framework that enhances the
development and evaluation of joint simulators. This advancement allows for more precise
simulation and analysis of complex movements and activities that occur in real-world.

4.1. Broader Applications and Achievements of Fuzzy Logic

The successful application of fuzzy logic in developing a novel control system for a spinal
simulator in tribological applications has expanded its utility and demonstrated its benefits in other
areas of medical engineering including the identification and selection of optimal biomaterials for
spinal implants [45]. The innovative Fuzzy-PI control algorithm can be utilized in various joint
simulators designed for tribological testing, such as friction and wear assessment. Additionally, it
holds promise for biomechanical testing, including the evaluation of real cadaveric functional spinal
units, as detailed in [32,33,46]. Moreover, combining the FLC with other advanced intelligent
control algorithms, like artificial neural networks (ANN), has proven effective in gait analysis for
post-stroke patients [47].

5. Conclusions

In summary, this study has achieved substantial progress in enhancing control systems for
spinal wear simulators. By overcoming the shortcomings of existing testing methodologies and
introducing more intricate, real-world profiles, this research sets a foundation for future innovations
in assessing and improving the preclinical evaluation of joint prostheses. The implementation of
advanced control algorithms, such as Fuzzy-PI, in joint simulators, offers significant potential for
boosting the accuracy, dependability, and overall efficiency of biomedical devices.

6. Future work

This paper has demonstrated the use of a pioneering control system, Fuzzy-PI, alongside the
conventional PI controller, for wear testing on a Leeds spinal wear simulator. Future work should
focus on expanding the application of the Fuzzy-PI and PI controllers to include a broader range of
activities of daily living (ADL) profiles, such as various spinal movements. Additionally, testing
should be conducted over a longer duration, ideally spanning at least 1 million cycles, to thoroughly
evaluate the controllers' performance. It is also essential to integrate the biological environment
surrounding the prosthesis, as specified in ISO standards, to accurately mimic real human body
conditions. This comprehensive evaluation will facilitate rigorous testing and validation under
diverse and demanding scenarios. Researchers and practitioners are encouraged to explore these
avenues to further advance the understanding and application of these control systems in spinal wear
simulation.
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